In neurobiology, learning refers to changed responses to the same stimulus, whereas the retention of these changes is memory. These terms encompass a variety of neuronal and behavioral processes, including chronic pain. Chronic pain persists after an injury has healed and results from significant functional and structural changes in the nervous system similar to memory processes. As a result, chronic pain has been proposed to be "a persistence of the memory of pain and/or the inability to extinguish the memory of pain evoked by an initial inciting injury" .
Where and how is this nociceptive memory stored? This is a complicated question covering multiple levels of the pain pathway, from peripheral nociceptors to the cerebral cortex. It is generally agreed that the cerebral cortex plays a significant role in pain perception and modulation. Researchers have identified the "pain matrix," a group of brain regions consistently activated by acute pain. The primary (S1) and secondary (S2) somatosensory cortices belong to the lateral pain pathway, which is involved in the sensory dimension of pain, whereas the anterior cingulate cortex (ACC) is part of the medial pathway, which is important for pain affection (Brooks and Tracey, 2005) . ACC responds to persistent nociceptive stimulation with significant plasticity, which contributes to the maintenance of chronic pain (Li et al., 2010) . Whether S1 undergoes similar changes and acts as a site of chronic pain storage is unclear.
A recent study addressed this issue with imaging, electrophysiological, and behavioral experiments (Eto et al., 2011) . In this study, the authors first examined whether chronic pain changed neuronal activities in S1. In a mouse model of chronic inflammatory pain induced by intraplantar injections of Complete Freund's adjuvant (CFA), two-photon Ca 2ϩ imaging and patch-clamp recordings in S1 layer 2/3 (L2/3) showed that both spontaneous activity and activity induced by sensory stimulation were significantly increased relative to control mice.
The authors next examined potential multiregional interactions in chronic pain by injecting CNQX, an AMPA receptor antagonist, into the S1 of CFA-treated mice. This treatment significantly decreased the slope of field EPSPs in the ACC resulting from electrical stimulation of the hindpaw. Such changes were not observed in control mice, suggesting that these interregional changes were specific to chronic pain. Disrupting these changes by microinjecting CNQX into either S1 or ACC of CFA-treated mice significantly attenuated mechanical allodynia.
Overall, the study by Eto et al. suggests that S1 neurons, like those in the ACC, show significant plasticity associated with the development of chronic pain, and these changes contribute to pain maintenance. These findings, together with data from other studies, support the idea that chronic pain can be understood as a nociceptive memory, and they suggest several directions of future research.
The finding that S1 neurons increase their activity under chronic pain conditions is consistent with neuroimaging studies in humans (Brooks and Tracey, 2005) . Thus, S1 neurons have apparently "memorized" the chronic pain. As mentioned earlier, S1 is consistently activated in acute pain and encodes the somatosensory dimension of pain. Does the hyperactivity of S1 neurons under chronic pain states represent a simple continuum of acute pain, or is it distinct? Unfortunately, Eto et al. examined only one time point (7 d after CFA injection) and did not examine S1 activity in the acute phase of the model (e.g., within 24 h of pain initiation). Nonetheless, their pharmacological and electrophysiological experiments indirectly answered this question. Intra-S1 injection of CNQX significantly increased the paw-withdrawal threshold of CFAinjected mice but not control mice, suggesting that AMPA receptors in the S1 selectively participate in processing peripheral stimuli under chronic pain states but not under acute, physiological pain. In addition, the increased amplitudes of EPSCs from L2/3 pyramidal neurons evoked by electrical stimulation of the L4 region in CFA-treated but not control mice indicated intra-S1 remodeling in chronic pain. These conclusions are supported by a study showing differential roles of S1 in acute and chronic pain (Wang et al., 2009) .
How does the activity of S1 neurons change during the transition from acute to chronic pain? We have little evidence to address this question at present, but one might imagine that it is a gradual procedure associated with various neuroplastic changes, analogous to the transition from short-term to long-term memory. Indeed, nearly all changes identified in other forms of memory have been reported to be associated with the development of chronic pain, from functional potentiation to structural rearrangement Metz et al., 2009) . A tool that might clarify how the transition happens is multiunit recording in awake animals, which has been widely used in studies of hippocampal learning, but rarely in chronic pain studies. This method not only enables long-term monitoring of neuronal activity in the same subject, but it also allows more natural experimental conditions without anesthesia-induced effects on cortical activity (Ramani and Wardhan, 2008) .
The most important finding in Eto and colleagues' study is the interregional interactions in chronic pain: hyperactivity of S1 the L2/3 neurons appears to exacerbate pain behavior by facilitating ACC activity. What connects S1 and ACC in chronic pain? One obvious pathway is projections from S1 to S2 and insular cortex, which in turn project to the ACC. As discussed earlier, chronic pain induction results in synaptic plasticity in S1 and ACC, which might alter dynamics of the network. Alternatively, synchronized brain oscillations, whose role in cognition has been intensively studied, may participate in chronic pain as well. During spatial memory tasks, coherent theta oscillations have been reported between the hippocampus and several brain regions, including the entorhinal cortex, the prefrontal cortex, and the striatum (for review, see Düzel et al., 2010) . It is suggested that labile information initially encoded in the hippocampus is transmitted to the neocortex for long-term storage by coherent spiking of large populations of neurons during these oscillations in subsequent immobility and slow-wave sleep (Buzsáki, 1996) . This hypothesis has gained much experimental support in recent years: selective disruption of sharp wave/ripple complexes in the hippocampus-entorhinal cortex during the consolidation period causes performance impairment in rats trained on a spatial memory task (Girardeau et al., 2009) . In other words, coordinated oscillations are not merely manifestations of dynamic multiregional interactions, but may have significant roles in information encoding and storage. In pain, peripheral nociceptive stimulation increased phase locking between theta and gamma band responses (Babiloni et al., 2002; Wang et al., 2011) , whereas patients with chronic neurogenic pain exhibit excess EEG oscillation in the 4 -9 Hz theta frequency band (Stern et al., 2006) and high thalamocortical theta coherence (Sarnthein and Jeanmonod, 2008) . However, the exact role of these oscillations in the maintenance of chronic pain is unclear. Simultaneous neuronal recording in several regions combined with pharmacological interventions will be of great value in answering this question.
A significant feature of learning and memory is the correlated structural, functional, and behavioral changes (Cacucci et al., 2008) . Persistent pain results in significant structural and functional changes in the nervous system . Can these changes return to normal when the source of pain is eliminated? An early study reported that S1 reorganization associated with phantom limb pain could be reversed shortly after the elimination of pain by regional blockade (Birbaumer et al., 1997) . More recently, Seminowicz et al. (2011) showed that patients with chronic lower back pain (CLBP) had decreased cortical thickness in several regions, including the left dorsolateral prefrontal cortex (DLPFC), left S1, and right ACC. Successful treatment of these patients was associated with increased cortical thickness in the left DLPFC but not other regions, suggesting that structural changes in chronic pain are at least partially reversible. However, it was unclear why other atrophic areas, including S1 and ACC, failed to recover. One possibility is that atrophy in these regions is irreversible, whereas an alternative explanation is that the follow-up time is too short (6 months after successful treatment vs 5 years' CLBP). Understanding these questions will benefit the prediction of therapeutic outcomes.
Finally, a firm conclusion in the neurobiology of learning and memory is that different types of memory have distinct mechanisms (e.g., declarative memory vs procedural memory). A similar distinction can be made in pain: various chronic pain states have distinct central mechanisms ). Eto et al.
performed their experiments in a chronic inflammatory pain model. But whether the same conclusions can be drawn in models of chronic neuropathic or cancer pain is unknown. A very recent study has reported structural and functional plasticity in S1 associated with neuropathic pain (Kim and Nabekura, 2011) , suggesting at least partial similarities between different chronic pain conditions. Further investigation is required to clarify the identical and distinct mechanisms under various pain states.
In summary, accumulating evidence suggests that chronic pain is a type of nociceptive memory. Evidence from Eto et al.'s study further supports the idea that pain is a network phenomenon mediated not by single proteins or brain regions, but by multiple pathways at cortical, subcortical, spinal, and peripheral levels. Nonetheless, more research is necessary to understand how this nociceptive memory is encoded and stored, as well as to find appropriate ways to eradicate it without affecting normal physiological functions.
